Understanding and predicting permeability of compounds through skin is of interest for transdermal delivery of drugs and for toxicity predictions of chemicals. We show, using a new atomistic molecular dynamics model of the skin's barrier structure, itself validated against near-native cryo-electron microscopy data from human skin, that skin permeability to the reference compounds benzene, DMSO (dimethyl sulfoxide), ethanol, codeine, naproxen, nicotine, testosterone and water can be predicted. The permeability results were validated against skin permeability data in the literature. We have investigated the relation between skin barrier molecular organization and permeability using atomistic molecular dynamics simulation. Furthermore, it is shown that the calculated mechanism of action differs between the five skin penetration enhancers Azone, DMSO, oleic acid, stearic acid and water. The permeability enhancing effect of a given penetration enhancer depends on the permeating compound and on the concentration of penetration enhancer inside the skin's barrier structure. The presented method may open the door for computer based screening of the permeation of drugs and toxic compounds through skin.
Introduction
The skin's permeability barrier is essential for preserving body homeostasis and for preventing uptake of harmful substances in the environment. It is located to a ceramide-enriched stacked lamellar lipid structure situated in the intercellular space between the cells of the superficial most part of skin, the stratum corneum. [1] The lamellar lipid structure has a unique molecular organization based on stacked bilayers of fully splayed ceramides with cholesterol primarily located to the ceramide sphingoid side and free fatty acids located to the ceramide fatty acid side [2, 3] .
The use of chemicals in society is extensive, leading to human exposure with potentially harmful effects. One route of exposure is through the skin. A better understanding of skin absorption of chemicals may aid the development of a safer chemical environment.
Absorption of chemicals via the skin is also of significance for medical drug administration. Transdermal drug administration has a number of advantages compared with conventional per oral administration. By avoiding first passage metabolism in the gastrointestinal tract and liver, and by allowing for a continuous drug administration over days to weeks, medication may be better controlled. This in turn may lead to reduced side effects, more stable dosage levels and increased patient compliance. However, only a handful of drugs can presently be administered through skin, with the limiting factor being the skin's permeability barrier. To create a safe future chemical environment and improve drug administration through skin, there is a need to assess chemicals' skin permeability properties and to predict how these could be altered.
Today, the dominating means of assessing skin permeability to chemicals is by in vitro/ex vivo testing. Permeability is commonly assessed using diffusion cells [4] , such as Franz cells, consisting of a piece of excised skin (human or animal) separating a donor and a receptor chamber. Diffusion cell experiments are however expensive and time consuming, and the European Union (EU) regulation (76/768/EEC, Feb. 2003) prohibits the use of animal skin for pharmaceutical testing. Furthermore, interpretation of diffusion cell permeability data in terms of in vivo skin permeability is not straightforward [5] .
During diffusion cell experiments, the skin sample is exposed to the donor and receptor fluids for prolonged time periods (often > 24 h to ensure steady-state conditions during the flux measurements), which might affect the skin sample's molecular structure and permeability. The most commonly used donor and receptor fluid is water, which in itself is a skin penetration enhancer. [6, 7] The effect of hydration on skin permeability is also evident in clinical practice as occlusive dressings that increase the water content of stratum corneum generally dramatically potentiate the effect of drugs locally applied to skin. Furthermore, ethanol, which is a commonly used co-solvent in diffusion cell experiments, also enhances skin permeability. [8] A perturbing effect on the skin sample's permeability barrier structure upon prolonged exposure to water and co-solvents might explain the large variability in skin permeability reported in the literature for individual compounds (e.g., about one order of magnitude for testosterone [9, 10] ) as well as the generally higher permeability values reported in in vitro (ex vivo) diffusion cell experiments compared with in vivo measurements [5] .
To facilitate drug delivery through skin, penetration-enhancing compounds have been studied extensively. Typical examples are sulfoxides (such as DMSO), Azone (1-dodecylazacycloheptan-2-one or laurocapram), fatty acids (such as oleic acid), alcohols (such as ethanol), or surfactants (such as sodium lauryl sulfate (SLS)). [8] Most penetration enhancers, however, have an unknown mode of action, limiting their use in commercial drug delivery formulations [8] .
Various mechanisms of action have been proposed for different chemical penetration enhancers, such as i) altering the solubility of the drug in the donor phase, ii) changing the solubility properties of stratum corneum, iii) modifying the thermodynamic activity of the drug, iv) promoting transport by "dragging" the permeant through the skin, and v) perturbation of the skin barrier's lipid organization (alternative mechanisms summarized in Ref. 8) . The last proposal (v) has attracted special attention. Several molecular mechanisms have been proposed, including an increased lipid disorder due to interaction with the skin lipid headgroups or their hydrocarbon tail regions, promotion of lipid phase separation, or removal of barrier lipids by extraction. [8] The complex modes of action of different penetration enhancers are underlined by the fact that an increased stratum corneum lipid disorder does not necessarily correlate with increased flux rates [11] , although lipid mobility can at times be linked to skin permeability. [12] For example, using natural abundance 13 C polarization transfer solid-state nuclear magnetic resonance (NMR) on porcine stratum corneum, Pham et al. reported that addition of oleic acid (OA C18:1 ) leads to an increased mobility in lipid acyl chain regions and in cholesterol, while it has a negligible effect on the mobility of ceramide headgroups. [12] On the contrary, at high hydration levels, Azone increases the mobility of ceramide headgroups. [12] Drawbacks with skin NMR studies are, however, that the amount of embedded penetration enhancer that actually has been dissolved in the skin sample's lipid structure is difficult to estimate, and that the effect on skin lipid mobility of the added penetration enhancer itself and the effect on skin lipid mobility of a simultaneously altered water activity induced by the added penetration enhancer, cannot be distinguished [12] . One way of investigating the molecular mechanisms behind drug permeation through skin is by in silico modeling of skin permeability. A classical approach is by using quantitative structure-activity relationship (QSAR) models, [13] which in this context would be more properly called "quantitative structure-permeability relationship" models, but the term QSAR will still be used herein. A QSAR model mathematically relates a number of physicochemical descriptors to a response. The selection of descriptors usually varies between models, but the partition coefficient (logP) and molecular weight are commonly used, sometimes along with, e.g., the number of hydrogen bond forming groups. The constants, i.e., "weights", in the mathematical formula are trained to achieve a good fit between experimental and predicted data. QSAR models are, however, critically dependent on the quality and applicability domain of the input training set data. [14, 15, 16] QSAR models have proven good at predicting permeability coefficients measured in diffusion cells with reported mean absolute errors as low as 0.09 log units. [17, 18, 19] These data are typically derived from diffusion cell experiments of uncertain relevance for skin permeability in vivo. [5, 6] Furthermore, QSAR models cannot be used for predicting drug permeability in a complex context, such as in the presence of penetration enhancers. More complex in silico models using a two-dimensional "brick-and-mortar", with parameters for hydration, have performed well in reproducing experimental data with a reported rms error of 0.51 log units [20, 21] .
Another approach is investigating the molecular mechanisms behind drug permeation through skin. This can be done by molecular dynamics (MD) simulation by building models and testing their predictive abilities. MD modeling has the advantage over QSAR modeling that information about the molecular mechanisms governing the skin drug permeation process may be obtained. It also allows for broader investigation, and potentially screening, of the transdermal drug delivery process including effects of penetration enhancers, stratum corneum hydration, and partitioning between delivery vehicle and skin. Furthermore, MD simulations do not require any training provided that the biomolecular force fields that govern the atomic interactions are validated. MD simulations make it possible to study a system, and its interactions and properties over time and at a time scale that is not accessible through other means, at an atomic level. One limitation with all-atom MD simulations is, however, that the time scales that can be conveniently simulated are in the range of microseconds. Another challenge is that the output from MD simulations must be validated against reliable experimental data, which are difficult to obtain for biological systems.
Nonequilibrium MD simulations, in which a permeant is pulled in the forward and reverse directions along the reaction coordinate, e.g., across a membrane, using a stiff spring (a strong umbrella potential), is one method for calculating the permeability through a system. [22, 23, 24, 25, 26] This requires extensive sampling, especially through a heterogeneous system with low diffusion, such as the skin barrier lipid model system. The permeant must also be pulled slowly enough to ensure close to equilibrium conditions, and with enough repeats to take into account most important low-energy configurations. If the partitioning between the delivery vehicle and at least one point in the lipid structure is calculated (see Fig. 1 ) the resulting permeability coefficient will represent the transfer from the delivery vehicle and through the skin, provided that passing the skin lipid model system is the rate limiting step.
Several groups have previously used MD simulations to estimate the skin's permeability using simplified skin barrier models. [27, 28] Interpretation of MD simulation data in terms of relevance for skin permeability may, however, critically depend on the lipid model used. So far, a validated skin barrier lipid MD model has been lacking. Previous simulations for permeation calculations through stratum corneum have used bilayer models with monodispersed (C24:0) ceramides in the hairpin conformation and with excess water on each side of the lipid bilayer structure. [27, 28] Both Das et al. [27] and Gupta et al. [28] used a 1:1:1 system of ceramide NS (C24:0) (for a description of skin ceramide nomenclature see Ref. (29) , lignoceric acid (C24:0) and cholesterol. In the study by Das et al. the water logK P 350K , in cm/h, was ∼0.5 (recalculated from reported ΔG and D(z) values) [27] , which would correspond to a logK P 303K ∼ − 1.4 with temperature corrections according to Eq. 1 (provided there is a linear relationship over the large temperature range) [30] . Gupta et al. report logK P 310K (in cm/h) for water of −0.6 [28] , which would equate to a logK P 303K of −0.9 with the same correction as above. This is a factor 100 higher than the water permeability of human skin reported from diffusion cell experiments (logK P 303 − 2.9 cm/h [31, 32] ). Besides water, Gupta et al. [28] also reported a higher permeability compared to in vitro/ex vivo diffusion cell experiments for most compounds included in their study. Considering the skin membrane is excessively hydrated in diffusion cells, which increases its permeability, [6, 33] and that the skin's lipid structure (modelled in the MD simulations) represents the main permeability barrier, it is anticipated that the real in vivo permeability coefficients, and ideally the simulated permeability coefficients, should be lower than those measured in diffusion cells in vitro.
Recently, we proposed a new atomistic MD model, validated against near-native high-resolution cryo-EM data from human skin, for the molecular structure and function of the skin's permeability barrier. [3] The new MD model is based on stacked bilayers of fully splayed skin ceramides, cholesterol, free fatty acids, acyl ceramides and water, with 75 mol% of the cholesterol associated with the ceramide sphingoid moiety and 100 mol% of the free fatty acids associated with the ceramide fatty acid moiety, with 5 mol% of acyl ceramides, and with one water molecule per three lipids (ceramide, cholesterol and free fatty Fig. 1 . Outline of the general procedure for calculating the permeability of a ligand through the system. A) Two copies of the ligand (cyan carbon atoms) are grown into the system and its potential of mean force (PMF) and local diffusion coefficient are obtained from forward-reverse nonequilibrium pulling through the system. [22] [23] [24] [25] [26] 34] B) The PMF is calibrated by calculating the binding free energy of the ligand, at the position where the PMF starts. The thermodynamic cycle shows that only the hydration free energy, obtained from decoupling the ligand in water, and the interaction free energy of the ligand in the lipid matrix, obtained by decoupling the ligand in the lipid matrix system, are required to calculate the binding free energy of the ligand. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) acids), associated with the headgroups. The new model is herein referred to as 33/33/33/75/5/0.3 1 .
In this study, we have used the new atomistic MD model for the skin's permeability barrier to calculate the permeability of the stratum corneum's lipid structure to eight reference compounds of differing sizes and physicochemical properties (benzene, codeine, DMSO, ethanol, naproxen, nicotine, testosterone and water). In addition, the effect of five chemical penetration enhancers (Azone, DMSO, oleic acid, stearic acid and water) on the stratum corneum's lipid structure, as well as the effect of four of these permeability increasing compounds (Azone, oleic acid, stearic acid and water) on the permeability of codeine, ethanol, nicotine, testosterone and water, was investigated. The effect of increasing amounts of Azone, as a penetration enhancer, on the permeability of itself was also investigated in order to deduce how easily a penetration enhancer goes through the skin barrier at increasing concentrations.
Moreover, different mechanisms of action are proposed for the five penetration enhancers studied. Water primarily relocates to the lipid headgroup region, but also forms pools at the interfaces between the lipid tails, mainly at the ceramide fatty acid tail interface. The polar groups of Azone, oleic acid and stearic acid are partially associated with the model's lipid headgroups, while the nonpolar groups favor the model's longer ceramide fatty acid chains. However, a significant fraction of the Azone, oleic acid and stearic acid molecules locate to the shorter ceramide sphingoid chains as well as to the interfaces between the lipid chains on both the ceramide fatty acid and ceramide sphingoid sides. This latter phenomenon could be compared to forming a separate phase of the penetration enhancer inside the skin barrier lipid system. The interface between the model's lipid chains is favorable for drug partitioning, and even more so when a penetration enhancer accumulates there. Finally, it is shown that DMSO forms pores through the model system.
Results

2.
1. Calculated permeability of benzene, codeine, DMSO, ethanol, naproxen, nicotine, testosterone and water through the new MD model of the skin's barrier structure Physicochemical properties of the tested permeants are shown in the Supplementary Information (Table S1 ). Experimental permeability coefficients obtained from the literature were acquired at temperatures ranging from 25 to 37°C. We applied a similar temperature correction of log K P as Abraham and Martins [30] by adjusting the experimental log K P values according to:
where logK P 303K is the permeability coefficient at 303 K, the temperature at which the MD simulations were run, logK P Texp is the experimental permeability coefficient at the temperature the experiment was performed and T exp is the experimental temperature (in K).
Results from permeability calculations of benzene, codeine, DMSO, ethanol, naproxen, nicotine, testosterone and water using the skin barrier model system (33/33/33/75/5/0.3 2 ) are presented in Table 1 . Potentials of mean force (PMFs) and diffusion coefficient profiles are shown in Fig. 2 . For a comparison between symmetrized and unsymmetrized PMFs see Fig. S1 in the Supplementary Information. In order to evaluate the sensitivity of the permeability coefficient calculations to the skin barrier model system's starting conditions, two additional instances of the skin barrier model system were created. Furthermore, the original instance of the skin barrier model system was equilibrated for 5 μs, instead of ∼350 ns. Water permeability coefficients were subsequently calculated for all four instances of the model system. The mean log K P (in cm/h) for the four instances of the model system was −4.8 and the sample standard deviation was 0.5 (see Table S3 ).
2.2.
Dependence on model structure on the calculated permeability of benzene, codeine, DMSO, ethanol, naproxen, nicotine, testosterone and water
The calculated permeability of the model recently proposed by Lundborg et al. [3] differed significantly from that of an earlier model proposed by Iwai et al. [2] . The Iwai et al. model (Table S2) showed higher permeability coefficients than those reported experimentally in diffusion cell experiments for all studied compounds except for water, while the Lundborg et al. model (Table 1) showed lower permeability values than those reported experimentally for all studied compounds except for ethanol. The polar groups of Azone (Fig. 3b ), oleic acid ( Fig. 3d ) and stearic acid ( Fig. 3e) were associated with the ceramide headgroup region, as expected, but also with the interfaces between the lipid hydrocarbon chains. At these interfaces, Azone, oleic acid and stearic acid preferably associated with other molecules of their own kind and with the acyl ceramides' linoleic acid chains. The non-polar tails of Azone, oleic acid and stearic acid were generally aligned with the ceramide chains, seemingly favoring the longer fatty acid region, or located in the hydrocarbon interface regions. This agrees with the expected mechanism of a disruption of the skin barrier's lipid packing and with an inhomogeneous distribution of these penetration enhancers in the system, even forming separate phases inside the skin's lipid structure. [8, 35] The MD simulations suggest that Azone, oleic acid and stearic acid are integrated in the lipid barrier in a similar way. The different shapes of the penetration enhancer molecules, and their degree of saturation, determine to what extent they disrupt the skin barrier lipid packing. It has been reported that stearic acid is increasing the skin barrier structure's lipid headgroup mobility slightly, but not the mobility of the lipid chains, whereas oleic acid increases the mobility of the lipid chains and of cholesterol, but not of the lipid headgroups. [12] In the same study it was shown that Azone increases the mobility of lipid chains and cholesterol, and, at higher 2 Relative composition in molar %: ceramides/cholesterol/free fatty acids/relative hydration levels, also of lipid headgroups. [12] In the simulations performed herein the uncertainty of the headgroup mobility measurements is, however, too large to draw any conclusions (see Table S4 ). DMSO initially clustered in the polar lipid headgroup regions and then, over time, spread to the non-polar hydrocarbon chain regions forming pores through the skin barrier lipid system (Fig. 3c) . Since DMSO is a good solvent for many different compounds, these pores could explain its penetration enhancing properties. The formation of pores has been the suggested penetration enhancing mechanism for some penetration enhancers [8] including DMSO [36] .
In the MD simulations, water molecules were not only associated with the lipid headgroup region, but were also grouped at the interfaces between the non-polar lipid chains. This would improve the general solubility of hydrophilic molecules in the skin's lipid structure and could enhance their permeation. Lipophilic molecules with polar groups, such as most drug molecules, would also have an improved solubility at the interfaces between the lipid chains if there were a separate water partition available to solvate hydrophilic groups. Experimental evidence has shown that water forms microscopic vesicle-like pools without large distortions of the lipid domain [37] . In the MD simulations, small nanoscaled water domains can be observed (Fig. 3f) . It has been reported that water can also form pores through the skin's lipid structure, [38] which was not observed in our simulations at concentrations up to 9 wt% of added water. However, at even higher concentrations formation of water pores was seen (Fig. S2g) .
Calculated permeability enhancing effect of the penetration enhancers
Azone, oleic acid, stearic acid and water on the permeability of codeine, ethanol, nicotine, testosterone and water
The effect of the penetration enhancers on the permeability coefficient of five compounds is presented in Table 2 . It can be observed that excessive hydration has a large impact on the calculated permeability coefficients for all studied compounds. Furthermore, the effect of hydration on permeability is not the same for all five compounds. The effect of hydration is also not linear and peaks at 7 wt% water for all five compounds, although this phenomenon is least pronounced for the permeability of water itself (Table 2 ). Comparing Azone, oleic acid and stearic acid, stearic acid has a lower effect on the permeability coefficient of the five compounds than does Azone and oleic acid. This may be expected due to stearic acid's saturated aliphatic chain, and has previously been shown experimentally. [39, 40] Furthermore, the permeabilityenhancing effect of the different penetration enhancers is compounddependent and concentration dependent. For example, Azone at higher concentration (9 wt%) is most efficient in increasing the permeability of testosterone, whereas oleic acid raises the pemeability of codeine and nicotine most efficiently, together with 7 wt% water (Tables 2 and S5) . However, at lower Azone concentration (5 wt%), oleic acid as well as higher water concentrations (7-9 wt%) are more efficient than Azone also in increasing the permeability of testosterone. The calculated permeability of Azone in a skin lipid model system with increasing amounts of Azone preexisting in the model system is presented in Table 3 . Counting the pulled Azone molecules as one molecule (since they cannot interact with each other) and counting the Azone molecules inserted as penetration enhancers individually, the corresponding Azone concentration of a topical formulation can be estimated based on the partition coefficient of Azone throughout the Azone enriched skin barrier lipid model system. The amount of Azone partitioned into the skin lipid model system was calculated from its PMF (that corresponds inversely to the partition function).
As can be seen in Table 3 , 9 wt% Azone in the skin lipid model system (corresponding to approximately 12 wt% in the topical formulation) has the highest permeability, followed by 2 wt% Azone in the system (corresponding to ∼3 wt% in the topical formulation). At 5 wt% in the system (corresponding to ∼8 wt% in the topical formulation) the permeability is lower, but still higher than in the skin lipid model without any added Azone as penetration enhancer. In each subfigure (a-f) the first figure shows the whole system, while the second figure shows the permeability enhancing molecules and the water in the system. All carbon atoms in non-acyl ceramides are green, in acyl ceramide EOS light blue, in free fatty acids orange and in cholesterol grey. The rest of the atoms are colored according to atom types (oxygen: red, nitrogen: blue, sulfur: yellow, hydrogen: white). For "Water 8/CER" the total amount of water present in the system is the added amount of added water in addition to the 1 water/ceramide that was already present in the reference system [3] . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Table 2 Calculated permeability coefficients (in cm/h), of five compounds, with penetration enhancer in the main model system [3] Enhancer log K P log K P log K P log K P log K P Azone 9 wt% −2. 
Discussion
The stratum corneum constitutes a barrier towards penetration of chemicals from the environment into the body. In general, small (molecular weight below 500 Da) and relatively lipophilic (log P octanol-water 1-3) compounds with a low melting point have properties optimal for skin permeation. [41] However, most drugs have low skin permeability and can therefore not be administered topically. To facilitate administration of drugs through skin, penetration enhancers are routinely employed. Their mechanisms of action are, however, not well understood, [8] and delivery of larger and more hydrophilic drugs remains a challenge.
Drug permeability through skin is currently routinely approximated using mathematical models such as QSAR (or QSPR) models. [42] However, the effects on drug permeability of penetration enhancers, or of modified skin hydration, are difficult to account for in these models.
[42] Molecular dynamics (MD) simulation has previously been used to calculate permeability coefficients through simplified skin lipid model systems emulating the skin's barrier. However, the calculated permeability coefficients have been overestimated several orders of magnitude compared to skin permeability coefficients measured in vitro/ex vivo in diffusion cells, [27, 28] that in turn are expected to overestimate the real in vivo skin permeability coefficients by an order of magnitude [6, 33] .
Using a recently proposed skin barrier MD model [3] , validated by cryo-EM, the relative values of the calculated drug permeability coefficients largely reflect those obtained from diffusion cell experiments in vitro. The absolute values of the calculated permeability coefficients are in general lower than those obtained from corresponding diffusion cell experiments (more negative log K P values) ( Table 1 ). This could be explained by the excessive hydration of the skin membrane in the diffusion cell. A tenfold increase in skin permeability induced by water exposure has been reported, suggesting that results from diffusion cells cannot be interpreted blindly with respect to skin permeability in vivo. [6, 33] Since the permeability calculations are based only on the main barrier in skin the resulting permeability coefficients are anticipated to be lower than measurements from diffusion cells. The calculated permeability coefficient of ethanol was slightly higher or equal to diffusion cell measurements. One possible explanation for this could be that the nonpolarizable CGenFF/MATCH forcefield [43, 44] has difficulties reproducing ethanol (a small amphiphilic molecule) properties. A higher concentration of the permeant in the simulated delivery vehicle (pure water in this study) would also lower the permeability coefficient since that would increase the free energy of transfer from the delivery vehicle into the skin barrier model system. It is also possible that longer permeability calculations (more pulls through the system) would further improve the results.
The simulated behaviors of different penetration enhancers in the new skin barrier lipid model system agree with published observations from skin. However, the lack of quantitative reference data defining the distribution of the penetration enhancers in vivo, or in vitro/ex vivo, inside the skin's lipid structure, makes it difficult to draw any definite conclusions from the simulation experiments. For example, it is possible that, for some penetration enhancers, more enhancer molecules would become incorporated in the lipid chains of the model system with longer equilibration times. Therefore, it cannot be stated that the snapshots in Fig. 3 necessarily reflect the situation in vivo, but they may indicate how penetration enhancers work and organize themselves in different ways in the skin's barrier structure.
That Azone and oleic acid disrupt skin lipid packing, as well as form a separate phase within the stratum corneum, has been reported before. [8, 35, 45] Likewise that DMSO forms pores within the stratum corneum [36] and extracts lipids from it [46, 47] . Pore formation by DMSO has also been shown in MD simulations of ceramide bilayers in water. [48] In an MD simulation, forming pores can be considered equivalent to extracting lipids from the system, considering that MD simulations do not allow removing molecules.
When adding water as a penetration enhancer to the model system, the calculated drug permeability values approach the measured permeability values obtained from diffusion cell experiments (in which the skin membrane is exposed to water for days). The amounts of water that become incorporated in the skin membranes during diffusion cell experiments have so far not been determined experimentally. According to our calculations, it may be in the range of 5-6 wt% extra water (in addition to the small amounts of water that is an integrated part of the skin's lipid structure [3] ) ( Table 2) .
The effect of water on the model system's permeability is large and complex, and depends on the permeant (Table 2) . Multiple local permeability maxima for water as a function of model system water content has been observed previously. [3] In this previous study [3] , all water molecules were inserted by the lipid headgroups, whereas in the present study the added water was inserted throughout the model system, followed by MD equilibration to let the water molecules redistribute (e.g., to the model systems's lipid headgroup regions). The previous study [3] showed that 1-3 wt% water (0.3-0.7 water molecules per lipid) associated with the lipid headgroups gave a lower water permeability than did 0 wt% water and 4 wt% water (1.0 water molecules per lipid), respectively [3] . Furthermore, 5 wt% water (1.3 water molecules per lipid) resulted in a higher permeability than did 6 and 7 wt% water (1.7 and 2.0 water molecules per lipid), and that 10 wt% water gave the highest permeability. Analogously, in this study, a local maximum in water permeability was observed at 7 wt% water added to the model system (Table 2), i.e. at 8 wt% water in total. After MD equilibration, the amount of water associated with the lipid headgroups was a little more than 5 wt%. Thus, the, in the present study, observed local maximum in water permeability at 7 wt% water added to the system (i.e., with 5 wt% water associated with the model system's lipid headgroups) is in agreement with what was reported in the previous study. [3] In addition, the present study shows that the same, or an even more pronounced, local maximum in permeability is also observed for all the other tested compounds (codeine, ethanol, nicotine, testosterone) at 7 wt% water added to the model system, although the effect is least pronounced for nicotine (Table 2) .
There is not much published reference drug permeability data obtained from skin in the presence of chemical penetration enhancers. Qualitative comparisons can still be made to diffusion cell data, keeping in mind that in vivo permeabilities are expected to be lower. This can be combined with observations regarding the relative effects of penetration enhancers in experimental studies and using in silico simulations. It is noted that the calculated permeabilities increase significantly when adding Azone, oleic acid or water, and to a lesser extent when adding stearic acid, to the model system. Stearic acid is not as strong a penetration enhancer as oleic acid, but has been shown to increase the Table 3 Calculated permeability coefficients (in cm/h) of Azone through the main model system [3] , with increasing amounts of Azone. The approximate concentration of Azone in the formulation is based on the partition coefficient (from the PMF) and the concentration of Azone in the lipid system. The total simulation time for each experiment was 3 μs (30 pulls in each direction). The presented uncertainties (indicated by ± ) are the standard errors of the calculated log K P values. permeability of some permeants. [39, 40] Due to its high melting point it is practically difficult to incorporate high concentrations of stearic acid in skin. The experimental observation that stearic acid is not as potent in enhancing drug permeability as the other penetration enhancers is thus confirmed in silico. An exception is for nicotine permeability, in which case the pearmeability enhancing effect of stearic acid is comparable with that of Azone ( Table 2) . A complication for in silico screening of the skin permeability enhancing effects of penetration enhancers is that the apparent concentration of penetration enhancers present in the skin's permeability barrier is difficult to determine experimentally in vivo and in vitro. In vivo there will likely be a penetration enhancer concentration gradient present over the skin's lipid structure, and the skin's permeability coefficient will in that case be mainly determined by the regions with low penetration enhancer concentration. In this study the model systems were run in a periodic simulation box, and, presumably, with higher penetration enhancer concentrations compared to the in vivo situation, especially for stearic acid with its high melting point. This means that the effect on drug permeability of penetration enhancers may likely be more pronounced in this study compared with in the in vivo situation.
Speculatively, by estimating the penetration enhancer concentration present in the skin's lipid structure in vivo after topical application, based on the topical formulation's penetration enhancer concentration and the penetration enhancer's partition coefficient between the formulation and the skin's lipid structure, and using that estimated penetration enhancer concentration as input for the MD simulations of drug permeability, the correspondence between in silico and in vivo data may be further improved.
The approximate penetration enhancer concentration in a hypothetical topical formulation may be estimated based on the simulated model system's penetration enhancer concentration and the amount of penetration enhancer molecules partitioned into the model system calculated from the model system's PMF (that corresponds inversely to the partitioning function).
Such estimations of Azone concentration in hypothetical topical formulations are presented in Table 3 . The Azone permeability increase recorded upon adding Azone as a penetration enhancer was largest at a concentration roughly corresponding to 12 wt% in the corresponding hypothetical topical formulation (based only on the partitioning profile, from the PMF, between a water vehicle and the lipid model system). However, a hypothetical topical formulation Azone concentration of 3% was more efficient in increasing Azone permeability than a concentration of 8%. This may be compared to real topical formulations where Azone is typically used in concentrations ranging from 0.1 to 5% (Table 3) , where Azone has been found to be most effective. [8] At concentrations of 12% Azone in the formulation, the calculated permeability coefficient was drastically increased. However, in vivo, this could, at least partly, be countered by an increased Azone solubility in the topical formulation.
In conclusion, simulated changes in the PMF and the local diffusion coefficient of a drug upon addition of a penetration enhancer may give detailed information about how skin permeability could be modified by penetration enhancers. MD simulation may thus be used to screen how different penetration enhancers may be combined to optimize the skin's permeability for a specific drug. Accounting both for i) a drug's free energy of transfer (the partitioning) from a topical formulation to the skin's lipid structure, and for ii) the combined penetration enhancing effects of multiple formulation ingredients, may make it possible to screen in silico how compositional changes made to a topical formulation could affect the delivery of a drug through skin. Furthermore, a modified solubility in the pharmaceutical formulation could possibly explain why some penetration enhancers, e.g. Azone and oleic acid, are reported to be more effective at low concentrations than at high concentrations. Such solubility calculations may be called for in future studies.
Methods
Molecular dynamics simulations
All simulations were performed using GROMACS 5.0 [49, 50] using the Verlet cutoff scheme, updating the pair list every 20 steps (automatically changed to every 40 steps). Van der Waals interactions had a cutoff of 1.2 nm with a smooth force-switch from 1.0 nm to 1.2 nm. The simulations were run without a dispersion correction for energy and pressure to compensate for interactions outside the cutoff. Coulomb interactions were calculated using PME [51] with a radius of 1.2 nm. Hydrogen bonds were constrained using the P-LINCS algorithm [52, 53] . TIP3P [54] parameters were used for water molecules. For the lipid molecules the CHARMM36 lipid force field [55, 56] was used. Ceramide parameters were modified to more accurately reproduce the ceramide NP crystal structure, [57] as described in Ref. (Table S3 ). The mean and the standard deviation of the water permeabilities were calculated from the log K P values rather than the K P values since the permeability depends expontially on ΔG (Eq. 7).
All images representing molecules were prepared using Tachyon [58] in VMD [59] .
Permeability MD simulations
Permeabilities of benzene, codeine, DMSO (dimethyl sulfoxide), ethanol, naproxen, nicotine, testosterone and water were calculated using the forward-reverse (FR) method proposed by Kosztin et al. [25] (see 4.1.2 below).
Except for water, for which TIP3P parameters were used, CGenFF [43] parameters were generated using STaGE [60] , which in turn uses Open Babel [61] and MATCH [44] to generate GROMACS topologies.
The simulations were run using Copernicus [62, 63] to setup the systems and distribute the simulations to multiple workers running GROMACS 5.0 [49, 50] . For each pulling simulation, in the forward and reverse direction, two molecules were inserted in the lipid matrix model (output from production MD simulation of the 33/33/33/75/5/0.3 system [3] ) at random lateral positions, one at the interface between the ceramide sphingoid chain moieties and the other at the interface between the ceramide fatty acid chain moieties. The molecules were inserted using the gmx insert-molecules command with scale = 0.275 and trying to insert it within a distance of 2.0 nm from the randomly selected position in the x and y dimensions and 0.1 nm in the z dimension. If it was not possible to fit the molecule in 30,000 attempts a new random position was chosen. Thereafter the inserted molecules were grown into the system by slowly turning on the interactions with their surroundings using the decoupling options in GROMACS, starting at lambda = 0.75 and linearly going to lambda = 0, where lambda = 1 means no van der Waals or Coulomb interactions with the rest of the system, over 50 ps.
After additional equilibration (1 ns) the molecules were pulled in the forward and reverse directions (increasing and decreasing z coordinates) from the same starting position in 50 ns, giving speeds of approximately 0.2 nm/ns, and a spring force constant of 15,000 kJ mol −1 nm −2 for benzene, DMSO, ethanol and water and a spring constant of 40,000 kJ mol −1 nm −2 for codeine, naproxen, nicotine and testosterone. In general the higher spring force constant the better, but a too high spring constant risks crashing the simulations. The simulations were performed using a leap-frog stochastic dynamics integrator at a temperature of 303.15 K. The pressure was kept using a semiisotropic Parrinello-Rahman barostat [64] , with 0 compressibility in the z direction. The simulations were repeated, at random starting positions, to give a total simulation time of 3-5 μs (30-50 pulls in each direction), i.e., the pulled molecules starting from 30 to 50 different positions in the system.
Calculating the permeability coefficient
Based on the Crooks fluctuation theorem [22, 23] Kosztin et al. proposed the forward-reverse (FR) method [25] where ΔG(z) is the difference in free energy -forming the PMF (potential of mean force) along the reaction coordinate z, and W d is the dissipative work:
and
W F and W R are the work done in the forward and reverse directions, respectively. In this work the permeability coefficient was calculated using nonequilibrium forward-reverse simulations [34] and results weighted using the Brownian Dynamics Fluctuation Dissipation Theorem (BD-FDT) [26] :
and applying the same weighting method to the dissipative work gives:
where β = (k B T) −1 , k B is Boltzmann's constant, 〈…〉 is an average over the ensemble of nonequilibrium trajectories. The position-dependent diffusion coefficient along the reaction coordinate, D(z), is
where v is the pulling speed. The permeability, P, and the resistivity, R, are calculated as follows [65] :
This method requires that the molecules are pulled through the system with a high spring force constant, k, to satisfy the stiff-spring approximation [24, 66] . The force constant is thus dependent on the resolution of the PMF, the size of the pulled molecule and the viscosity of its surroundings. [25] The results in this study are obtained using an umbrella pulling force constant of 15,000 kJ mol −1 nm −2 for benzene, DMSO, ethanol and water and 40,000 kJ mol −1 nm −2 for the larger compounds. We found that a force constant of 15,000 kJ mol
could be used with molecules with a mass ≲ 100 g/mol. For larger molecules the higher k was used. We have not thoroughly studied the effect of the force constant. It is possible that a force constant of 15,000 kJ mol −1 would be sufficient also for the larger molecules. A higher spring constant ensures that the pulled molecule is close to the spring position, but small molecules in regions with low resistivity, e.g. in water, risk exceeding the overdamped limit of the pull force, [66] which can cause instabilities in the simulations. A constraint could also be used for pulling to avoid having to determine what k to use, but that has not been extensively tested yet. In this paper, the work was calculated based on the distance traveled by the spring, rather than the position of the pulled particle, as done by e.g. Kosztin et al. [25] , and the average force exerted by the spring over 100 MD steps (200 fs). The coordinates of the pulled molecules and the applied forces were written every MD step, but afterwards the coordinates every 10,000 steps and the average force over 100 steps were retained for the analyses. The coordinates of the pulled molecules were not used during analysis, since the position of the umbrellas can be calculated based on their starting position and the pull velocity.
The reaction coordinate was divided into 200 segments to group the performed work throughout the system. The work required to pull the spring through each segment was stored. The values were stored separately depending on if the molecule was pulled in the forward or reverse direction. For every separate pulling MD simulation one work value was stored per segment.
The zero point of the PMF (potential of mean force), for transport through the membrane, was set by calculating the free energy difference between the permeant being solvated in water and being embedded in the membrane at the interface between the sphingoid side chains, i.e. the transfer free energy from the vehicle into the membrane. For the hydration free energy calculations the water around the solute filled a dodecahedron shaped periodic box with at least 1.4 nm from the box edges to the solute. The solvation free energy calculations were performed using the free energy module of Copernicus, which runs GROMACS MD simulations, in which interactions between a molecule and its surroundings are decoupled and the free energy of decoupling is calculated using the Bennett Acceptance Ratio (BAR) method. [67] Copernicus automatically optimizes the lambda point distributions for the decoupling of the molecule, starting from 11 lambda points each for decoupling Lennard-Jones and Coulomb interactions. [60, 62] The free energy module runs the calculations in iterations, herein 3 ns per iteration, and after each iteration calculates the free energy and its estimated statistical error. If more iterations are required to reach the requested statistical error the lambda points can also be redistributed. In the bound state (when the ligand was inside the membrane) an umbrella potential, with a force constant of 50 kJ mol
, was applied in the Z directions to keep the ligand from drifting through the system when it was decoupled. However, since the permeability of the lipid system is so low the actual force required to keep the ligand in place was low and was not compensated for afterwards. In the future this could be done to possibly improve the zero point of the PMF.
Three calculations were run to calculate the free energy of the hydrated state (in a water box with at least 1.4 nm between the ligand and the box edge), running until the estimated statistical error was not more than 0.25 kJ mol −1 . For the bound state six simulations were run to calculate the free energy of the bound state without penetration enhancers and four simulations in the systems with incorporated penetration enhancers, in order to reduce computation times. In both cases requiring a statistical error of no more than 0.50 kJ mol −1 in each run.
The hydration free energy and bound free energies were set to the Boltzmann weighted average of the three and six (four if running with penetration enhancers) simulations, respectively, and the standard error of the weighted mean. The zero point of the PMF, or the free energy of transfer from the water vehicle into the interface between the ceramide sphingoid chains of the system, was calculated as:
The standard error of the PMF and the local diffusion constant was approximated by bootstrapping the work in each bin, at p = 0.32 (68% confidence) and also including the standard error of the binding free energy, by error propagation (using the Uncertainties package in Python).
The resistivity profiles were symmetrized around (approximately) z = 0 (center of the membrane) to enhance the sampling. When symmetrizing the data, the PMF was allowed to roll up to 1/8 of the system size to find the minimum difference between the two halves, in order to avoid large difference in case the PMF was not perfectly centered. The work segments were then rolled accordingly and then symmetrization was performed by combining the forward work in each segment with the reverse work of its mirrored segment and vice versa for the reverse work. Then the PMF and dissipative work were calculated using these symmetrized forward and reverse work segments and the error calculated using bootstrapping as above. The uncertainties, i.e., the standard errors, of the calculations only take the statistical error into account. Thus, it cannot account for insufficient sampling. It is therefore expected that the true standard errors are slightly higher.
Permeability in the presence of penetration enhancers
Azone, DMSO, oleic acid, stearic acid and water were used to to study the effect of penetration enhancing compounds on the skin's lipid structure. Stearic acid was used as a control as it is not expected to affect the permeability of the system as much as the other penetration enhancers. [12, 39, 40] The penetration enhancer molecules were inserted into the system (output from production MD simulation of the 33/33/33/75/5/0.3 system [3] ) at different concentrations using the gmx insert-molecules command with 10,000 tries before giving up. The molecules were inserted at random coordinates. The van der Waals radii of the molecules were scaled by 0.375 from the start. If the requested number of molecules could not be inserted the scaling factor was reduced in steps of 0.05 until the requested number of molecules could be inserted, but no lower than 0.275, at which point 50,000 tries were attempted. The -allpair option was also used to avoid memory leaks.
Subsequently, energy minimization, equilibration and production stages were performed. They were the same as described in 4.1.1, but with the exception that the last equilibration stage, without restraints, was divided into three parts: 50 ns at 303.15 K, 150 ns at 318.15 K and 50 ns at 303.15 K. The reason for this temperature increase was to speed up the equilibration of the system.
The resulting output systems of those simulations were used as input systems for new permeability calculations of codeine, ethanol, nicotine, testosterone and water, selected both to represent a large range of log P octanol-water and to represent compounds relevant for transdermal drug administration.
The simulations were run for a total of 3 μs (30 pulls in each direction). The free energy of the "bound" state in the skin barrier lipid models between the ceramide sphingoid chains was based on four free energy calculations. The Boltzmann weighted average of the four simulations was used to calculate the zero point of the PMF, or the transfer free energy from water into the lipid models, as described in 4.1.2 above. 
